In this letter, we propose a novel and effective haze removal method by using the structure-aware atmospheric veil. More specifically, the initial atmospheric veil is first estimated based on dark channel prior and morphological operator. Furthermore, an energy optimization function considering the structure feature of the input image is constructed to refine the initial atmospheric veil. At last, the haze-free image can be restored by inverting the atmospheric scattering model. Additionally, brightness adjustment is also performed for preventing the dehazing result too dark. Experimental results on hazy images reveal that the proposed method can effectively remove the haze and yield dehazing results with vivid color and high scene visibility.
Introduction
Images captured under foggy or hazy weather conditions are usually contaminated by suspended particles or aerosols in the atmosphere and easily suffer from low overall visibility and faded colors. These acquired poor quality images are very likely influence the performance of computer vision systems that are primarily built on the basis of the input images with good visibility. Therefore, visibility improvement under bad weather conditions is a meaningful research work for computer vision applications. However, haze removal from a single input image has been a challenging task because of its ill-posed nature. Early studies require additional information or multiple images to restore the haze-free image. Recently, single image haze removal approaches have made great progresses [1] - [11] . Tan [1] focuses on maximizing the local contrast based on the observation that the haze-free image has much higher contrast than that of hazy image. However, the results by Tan's method are prone to over-saturated. Priors-based haze removal methods [2] - [4] mainly make use of prior knowledge to simplify the atmospheric scattering model and further estimate the unknown parameters. Among them, dark channel prior [2] is a repre- sentative research work due to its simple mechanism and excellent performance. Unfortunately, these methods may be invalid under the circumstance that the hazy images cannot satisfy the prior assumption. Moreover, soft matting that refine the transmission map in He's algorithm possesses a high computational cost. Tarel et al. [5] first put forward the concept of atmospheric veil and use the mean filter to refine the atmospheric veil. Since this filter cannot preserve edge well, more filter-based dehazing methods [6] - [9] are adopted to refine the atmospheric veil. Nevertheless, for atmospheric veil refinement, these filters hardly achieve a trade-off between smoothing process and edge-preserving process well. Meanwhile, the obtained dehazing effects by these methods also need to be improved further.
In this letter, we propose a novel and effective haze removal method based on the structure-aware atmospheric veil. The major contributions of this letter are as follows:
• The morphological open operator is adopted to estimate the initial atmospheric veil instead of the minimum operator, which can better solve the problem of edge expansion caused by the minimum operator.
• An energy optimization function taking the structure of the input image into account is constructed for refining the initial atmospheric veil. The proposed refinement method can simultaneously smooth the textures and suppress depth discontinuity regions, which is better than other filter-based refinement methods.
The rest of this letter mainly includes the proposed dehazing method and experimental results and comparisons.
Proposed Dehazing Method
Based on the Koschmieder's law [12] , the formation of hazy images can be described as a convex combination between the scene radiance J and the global atmospheric light A:
where I and J denote the hazy image and the restored image, respectively. t is the medium transmission, describing the portion of the light that reaches the imaging equipment. The goal of haze removal is to obtain the haze-free image J from only single input hazy image I.
Initialization of Atmospheric Veil
By introducing the concept of the atmospheric veil V(x) =
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A(1 − t(x)) first proposed by Tarel's method [5] , Eq. (1) can be rewritten as
As recommended in [5] , instead of estimating the global atmospheric light A directly, white balance is processed on the input hazy image I prior to dehazing. Thus, the global atmospheric light A can be considered as pure white (1, 1, 1) when white balance is performed correctly and the input image I is normalized to a range of 0 and 1. Furthermore, the atmospheric veil V(x) can be simplified as 1 − t(x) and Eq. (2) can be changed into
To obtain the initial estimation of atmospheric veil, on the basis of the assumption that the atmospheric veil is constant in a local patch Ω(x), the minimum operators are performed in each color channel c on both sides of Eq. (3):
According to the dark channel prior [2] that most local non-sky patches in haze-free images have some low intensity pixels at least one color channel, Eq. (4) can be rewritten as
Generally, most researchers [9] utilize Eq. (5) to estimate the initial atmospheric veil. However, the minimum filter may lead to edge spillover. This is caused by the fact that the minimum operator is performed in the local patch and the pixel intensity over the entire local patch will be covered by the minimum pixel intensity. To alleviate this effect, the morphological open operator is adopted to replace the minimum operator. Formally, the initial atmospheric veil V 0 (x) can be obtained:
In Fig. 1 , we use the red line to mark the edge region of large depth jumps of the input hazy image manually. Compared with Fig. 1 (c) and (e), edge expansion phenomenon exists in the initial atmospheric veil using the minimum operator while the result by the morphological open operator can preserve the edge unchanged.
Atmospheric Veil Refinement
Since the atmospheric veil is not always constant in a local patch, the restored image using the initial atmospheric veil may exist some halos and block artifacts. To improve the accuracy of the initial atmospheric veil and alleviate the block artifacts, a refinement operation requires to be performed on V 0 (x) for simultaneously smoothing the textural regions and preserving the depth abrupt edges. Inspired by [13] , we extract the main structure of the hazy images and find that the main structure is very similar to the depth discontinuity regions. Therefore, based on this observation, we minimize the following optimization energy function to generate the structure-aware atmospheric veil V(x):
where • represents element-wise multiplication operator, ∇ denotes the first order derivative operator, including the horizontal and vertical direction, and α is a positive parameter for balancing two terms. In Eq. (7), the first part is the fidelity term, which can prevent the solution departing too much from V 0 (x), and the second part enforces the structure-aware constraint on V 0 (x), which can smooth the textural details and preserve the overall structure. Inspired by relative total variation (RTV) [13] , the weight matrix W can be set as:
where ε is a small positive parameter for avoiding the denominator becoming 0, and G σ (x, y) can be obtained by Gaussian kernel with standard deviation σ:
Since 1 -norm is hard to solve, an auxiliary variable u are introduced into Eq. (7) for variable splitting and Eq. (7) can be converted into:
where β is a weight parameter. When β is close to infinity, the solutions of Eq. (10) will approach that of Eq. (7). In this letter, an alternating direction minimization scheme is adopted to solve Eq. (10) through β incremental iteratively. First, with V fixed, we minimize the following function for solving u:
The closed form optimization solution of Eq. (11) can (c) , (e) and (g) are the atmospheric veil after refinement using the median filter [5] , the bilateral filter [6] , the low-pass Gaussian filter [7] and our proposed method, respectively. (b), (d), (f) and (h) are the enlarged results indicated in the red rectangle of (a), (c), (e) and (g), respectively. be obtained directly as follows:
where sign(x) = x/|x|. Then, we fix u to optimize V by minimizing the following function:
Because Eq. (13) is a classic least squares problem, the closed form solution of Eq. (13) can be solved by taking a derivative with respect to V:
where
tive filters, including horizontal direction D h and vertical direction D v , F is the FFT operator, F is the conjugate transpose, and F −1 stands for the inverse FFT operator. In Fig. 2 , we compare the proposed refinement method with other haze removal methods relying on the estimation of atmospheric veil [5] - [7] . These methods mainly use some filters to refine the atmospheric veil, but this type of method cannot better achieve a balance between texture smoothness and edge preserving. The result refined by median filter [5] cannot suppress the depth discontinuity regions well due to the property of the median filter. Yu et al. [6] employ the bilateral filter to refine the initial atmospheric veil, which can preserve the edge well. However, the textures still exist in the refined result, such as the texture details of the wall in Fig. 2 (d) . Long's result [7] brings the blur effects because of using the Gaussian filter. Different from the above methods, the proposed method can better smooth the textures and maintain the main structure, which can obtain the structure-aware atmospheric veil for reducing the halo effects.
Dehazing
Once the atmospheric veil V is obtained, the haze-free image J can be solved by substituting V into Eq. (3). Meanwhile, for preventing producing too much noise, we restrict the atmospheric veil as V(x) = min {max {V(x), 0.1} , 0.9} similar to [4] . Formally, the haze-free image J can be expressed as:
Brightness Adjustment
It is worth noting that the initial atmospheric veil is estimated based on the dark channel prior. Thus, the value of the estimated atmospheric veil is higher than that of the actual atmospheric veil according to Eq. (4), which may cause the dehazing results too dark. Therefore, an adaptive exposure scaling [10] is adopted to adjust brightness for better visual effect. The adaptive exposure map s(x) is first obtained [10] :
where Y J and Y I are the illuminance channel of the HSV color space of J and I, λ is the adjustable parameter, and GF I denotes the guided filter for smoothness. Accordingly, the final output can be obtained: Figure 3 shows the comparison of dehazing results before and after brightness adjustment. Compared with Fig. 3 (b) and (c), the overall brightness in Fig. 3 (c) is improved and it is obvious that the dehazing result after brightness adjustment performs better visual effect than before.
Experimental Results and Comparisons
To prove the effectiveness of our algorithm, we compare the proposed method with Tarel et al. [5] , He et al. [2] , Zhu et al., [4] , and Cai et al. [11] . The codes of these four methods are available online for public use. All the experiments are carried out in MATLAB R2014a on a PC with 3.2GHz Inter Core i5 CPU and 8 GB RAM. In our method, the structuring size of the morphological operator is set 3 * 3 for containing more details in the initial atmospheric veil, β varies from 2 0 to 2 10 by the increasing rate 2 2 , and α and λ are set at 0.2 and 0.3 empirically. The computational complexity of the proposed method is O N log N . degrees. However, the results by these methods still exist some drawbacks. From Fig. 4 (b) -(e), severe halo artifacts among the leaves and color distortion are introduced into Tarel's result, some haze still remains in He's result especially the distant view in Fig. 4 (c) , some halos near depth jumps edges such as around the leaves are exhibited in Zhu's result, and the result by Cai's method is too dark to lose some details in the upper left of Fig. 4 (e). Our obtained result looks more natural and holds better quality than the other four from human visual perception, shown in Fig. 4 (f) . In Fig. 5 (c) -(e), there still remains a great deal of haze in the restored images by He's, Zhu's and Cai's methods. Although Tarel's result looks more clear compared with our result, some halos also are introduced into the result such as around edges of trees. In sum, the proposed approach can achieve the outstanding dehazing results, even superior than other four methods.
Quantitative Comparison
To evaluate the dehazing performance quantitatively, the contrast gain metric C [14] that denotes the mean contrast difference between the dehazed and hazy image is employed to evaluate the capability of haze removal in this letter. Generally, higher value of C means better performance of haze removal method. By analyzing Table 1 , our results can generate the highest value of C for Fig. 4 (a) and Fig. 5 (a) , Table 1 Quantitative comparison for Fig. 4 (a) and Fig. 5 (a) Methods Fig. 4 (a) Fig. 5 (a) C C Tarel et al. [5] 0.0989 0.1313 He et al. [2] 0.0217 0.0595 Zhu et al. [4] 0.0138 0.0315 Cai et al. [11] 0.1358 0.2513 Our 0.1428 0.2681 which validates the effectiveness and superiority of the proposed haze removal method.
Conclusion
In this letter, we put forward an effective haze removal method for single image using the structure-aware atmospheric veil. Firstly, the initial atmospheric veil is estimated based on the dark channel prior and the morphological operator. Then, an energy optimization function is presented for generating the structure-aware atmospheric veil. Finally, brightness adjustment is performed on the restored image for enhancing the visual effects further. Experimental comparisons show that the proposed method can produce the dehaizng results with high visibility and vivid color. However, the computation efficiency of the proposed haze removal method should be improved in the future work.
